Introduction
Japanese chestnut (Castanea crenata Sieb. et Zucc.) has been produced in Japan since before written history and now accounts for a total annual production of over 20,000 t (Ministry of Agriculture, Forestry and Fisheries, 2009) . Japanese chestnut has generally large and highquality nuts, but its pellicle is more difficult to remove from the kernel than that of Chinese chestnut (Castanea mollissima Bl.) (Kikuchi, 1948; Miller et al., 1996) . The national production of Japanese chestnut has been gradually decreasing, by about 50% in the past two decades. One probable reason for the decrease in Japanese chestnut production in Japan is the laborious and costly pellicle removal process. While the national production of Japanese chestnut is decreasing, large quantities of Japanese chestnut kernels after pellicle removal have been imported from China and Korea, where the cost of removing the pellicle is lower than in Japan.
A new Japanese chestnut cultivar, 'Porotan', was released by the National Institute of Fruit Tree Science in 2006. 'Porotan' has a pellicle that is easily removed although it originated from a cross of pure Japanese chestnut cultivars and selections (Hirabayashi et al., 2007) . 'Porotan' gradually increases in chestnut-growing areas in Japan because it has an easily removed pellicle and excellent nut quality; however, the reason for its easy pellicle removal is not clear.
The mechanism of pellicle adhesiveness in chestnut has been clarified in a series of studies (Tanaka and Kotobuki, 1992a , 1992b , 1998a , 1998b Tanaka et al., 1981) . According to these studies, the difference in the ease of pellicle removal is determined by the amount of phenolic compound accumulated in the pellicle (Tanaka et al., 1981) , and the phenolic content is higher in Japanese than Chinese chestnut. Hara et al. (1995) also observed that pellicle cells in Japanese chestnut were crushed during nut growth, whereas those in Chinese chestnut degraded slowly. Moreover, Kotobuki (1998a, 1998b) revealed that the phenolics was mainly composed of (+)-catechin, its polymer, and gallic acid, and that the phenolic compound substance associated with adhesion was a polymer containing (+)-catechin, named "castahesion". Changes in phenolic compounds during the stages of nut development have been reported by Tanaka and Kotobiki (1992a) . According to their report, in the immature nut stage, phenolic compounds have not accumulated in the pellicle, so the pellicle is easily removed from the kernel. As maturity progresses, phenolic compound accumulates rapidly in tannin cell-like cells of pellicle. At nut maturing stage, a large amount of phenolic compound accumulates not only in pellicle tissue but also on inner surface of pellicle. After nuts drop, adhesion between kernel and pellicle completes immediately (Tanaka and Kotobuki, 1992a) .
Because 'Porotan' was derived from a cross between Japanese chestnuts, the mechanism of the ease of pellicle removal has been unknown. Comparing phenolic content in the pellicle of 'Porotan' with that of Chinese chestnut cultivars would provide important information on the mechanism and genetics of the ease of pellicle removal. Therefore, the objectives of this study were to quantify the amount of phenolic compound in 'Porotan' pellicles and to compare this amount to those of other Japanese and Chinese chestnut cultivars.
Materials and Methods

Plant materials
Six cultivars of three Japanese chestnuts ('Porotan', 'Kunimi', and 'Tsukuba'), two Chinese chestnuts ('Houji 360' and 'Miyazakishinaguri') , and an interspecific hybrid ('Riheiguri') were used in this study (Table 1) . The parentage of 'Riheiguri' is unknown, but it has been considered an interspecific hybrid of Japanese chestnut and Chinese chestnut (Kotobuki, 1996) . Evaluation of pellicle removal time and measurement of phenolic content were conducted in the 2007 season. Before evaluation and measurement, the ease of pellicle removal of deep-fried nuts (HOP method, Shoda et al., 2006) or roasted nuts of the cultivars used in this study was confirmed (Table 1) . Immature nuts were taken from burs just before opening on a tree of each cultivar. At this stage, the amount of phenolic compound rapidly increases in the pellicle and starts to accumulate on its inner surface (Tanaka and Kotobuki, 1998b; Tanaka et al., 1981) . Nut samples were taken on August 31 from 'Porotan' and 'Kunimi,' September 14 from 'Riheiguri' and 'Tsukuba', and September 28 from 'Houji 360' and 'Miyazakishinaguri'.
Evaluation of pellicle removal time
Fifteen immature nuts were used to evaluate the pellicle removal time. Open pollinated nuts taken from burs of each cultivar were weighed immediately. After the nutshell was removed, the pellicle was removed using a fruit knife and the pellicle removal time was measured. The pellicle removal time was defined as the time needed to remove the pellicle from the kernel without damaging the kernel. Pellicles removed from five nuts of each cultivar were weighed and immediately frozen in liquid nitrogen. The frozen pellicles were maintained at −80°C until the measurement of phenolic content.
Measurement of phenolic and flavonoid contents
To measure phenolic content, 5 g of frozen pellicles from each cultivar was placed in 40 ml distilled water in a beaker and stirred slowly at room temperature. After the water had reached room temperature, the sample was centrifuged at 1534 × g for 10 min and the supernatant decanted. The precipitate was washed with distilled water and centrifuged at 1534 × g twice for 10 min each. Three supernatants were mixed and made up to 100 ml with water. The extract was used to measure phenolic content in a water-soluble extract (WS phenolic content), indicating the content of phenolic compound accumulated on inner surface of pellicle. The precipitate was homogenized with 40 ml of 80% methanol (MeOH), and kept at 80°C for 15 min. The homogenate was then centrifuged at 2963 × g for 10 min and supernatant decanted. The pellet was washed with fresh 80% MeOH and centrifuged twice. Three supernatants were mixed and made up to 100 ml with the same solvent. The extract Table 1 . Cultivar, species, and ease of pellicle removal using deep-fried or roasted nuts.
z Pellicle removal test using deep-fried nuts was according to the method reported by Shoda et al. (2006 Tanaka et al. (1981) . The measurements were repeated three times, and the data were averaged for each extracts. After WS and AS had been extracted, each pellet consisted of alcohol-insoluble solids (AIS) of the pellicle, which were vacuum-dried. Five hundred milligrams of dried pellicle AIS was placed in a test tube containing 20 ml distilled water and 0.125 g sodium chlorite (NaClO 2 ) in a water bath maintained at 60°C. Then, 0.3 ml of acetic acid was added. At 30 min, 2 h, and 3 h after the addition of acetic acid, 0.125 g NaClO 2 and 0.3 ml acetic acid were also added. The reaction was stopped after another 3 h. The solid residue was washed and centrifuged with 80% MeOH at 1534 × g three times for 10 min each time. Then, the residue was vacuumdried and weighed. Because phenolic compound is decomposed oxidatively by sodium chlorite and is solubilized in water, the amount of phenolic compound in the AIS was calculated as the difference between AIS weights before and after sodium chlorite treatment (Tanaka and Kotobuki, 1998b) . Phenolic content in AIS (AIS phenolic content) was estimated for three pellets taken from 15 nuts (each pellet was taken from 5 nuts), with the exception of 'Houji 360' (two pellets). Total phenolic content was calculated as the sum of WS, AS, and AIS phenolic contents.
Flavonoids in the pellicle were mainly composed of (+)-catechin and its polymer, because monophenolic substances in WS of the chestnut pellicle were composed mainly of (+)-catechin and gallic acid (Tanaka and Kotobuki, 1998b) . Flavonoid contents in WS and AS were measured using the vanillin-H 2 SO 4 method (Nakabayashi, 1967) with (+)-catechin as the standard. The measurements were repeated three times, and data were averaged for each extract.
Data analysis
Data were subjected to one-way analysis of variance and Tukey's honestly significant difference (HSD) test with the exception of pellicle weight. Data on pellicle weight were subjected to Wilcoxon's test, because uniformity of variance was rejected at P = 0.05.
Results
Nut weights ranged from 16.9 to 33.3 g, depending on the cultivar (Table 2) . Nut weight of 'Porotan' was 24.3 g, significantly larger than 'Houji 360' and 'Miyazakishinaguri' but smaller than 'Riheiguri' and 'Kunimi'. Pellicle weights ranged from 1.20 to 4.13 g and were approximately three times larger in 'Kunimi' than in 'Houji 360' and 'Miyazakishinaguri'. Pellicle weights were closely related to nut weights.
Pellicle removing times were 916 s, 774 s, 300 s, 139 s, 81 s, and 81 s for 'Tsukuba', 'Kunimi', 'Riheiguri', 'Porotan', 'Houji 360', and 'Miyazakishinaguri', respectively. The pellicle removal time for 'Porotan' was significantly shorter than for 'Kunimi' and 'Tsukuba' and similar to the Chinese chestnut cultivars. This trend in the pellicle removal time was similar to the result using deep-fried or roasted nuts tested previously (Table 1) .
Total phenolic contents ranged from 136 to 209 mg·g −1 FW, depending on the cultivar (Table 3) . Total phenolic content in 'Porotan' was as high as in other Japanese chestnut cultivars, but the contents in Chinese chestnut cultivars were significantly lower than in Japanese chestnut cultivars. WS phenolic contents ranged from 24 to 58 mg·g −1 FW. WS phenolic content in 'Porotan' was significantly lower than in 'Tsukuba' and 'Kunimi' and was comparable to 'Riheiguri', 'Houji 360', and 'Miyazakishinaguri'. AS phenolic contents ranged from 53 to 133 mg·g −1 FW. AS phenolic content in 'Porotan' was highest among the cultivars tested in spite of its low WS phenolic content. Total, WS, and AS phenolic contents in 'Houji 360' and 'Miyazakishinaguri' were low, whereas those in 'Kunimi' and 'Tsukuba' were high. Thus, total phenolic contents were proportional to WS and AS phenolic contents, except in 'Porotan'. In contrast, the proportions of AIS phenolic contents to total phenolic contents were generally higher in Chinese chestnut cultivars (43-44%) than in Japanese chestnut cultivars (20-23%); however, the differences among cultivars were not large compared to WS and AS phenolic contents. WS flavonoid content in 'Porotan' was significantly lower than in 'Tsukuba' and 'Kunimi', whereas AS flavonoid content in 'Porotan' was highest among the cultivars (Table 3) . These trends were similar to the phenolic contents measured using the Folin-Denis method. The proportions of flavonoids to phenolics in 'Porotan' were 48% for WS and 41% for AS, respectively; these proportions were almost identical to other cultivars.
Spearman's rank correlation between total phenol content and pellicle removal time was r s = 0.64, which was not significant; however, it was significant when 'Porotan' was excluded (r s = 0.97**) ( Table 4 ). The rank correlation between WS phenolic content and pellicle removal time was high in all six cultivars and in the five cultivars excluding 'Porotan' (r s = 1.00**). The value of rank correlation between AS phenolic content and pellicle removal time was not high (r s = 0.58); however, it rose when 'Porotan' (r s = 0.87) was excluded. Thus, the rank correlations between the pellicle removal time and total and AS phenolic contents tended to increase when 'Porotan' was excluded. Unlike other extracts, AIS phenolic contents were negatively proportional to pellicle removal times.
Discussion
In this study, pellicles were sampled just before bur opening, when phenolic compounds had rapidly accumulated in the pellicle but had not completely moved to the pellicle surface (Tanaka and Kotobuki, 1992a) . WS phenolic content, the phenolic compound on the surface of pellicles, directly contributed to adhesion of the pellicle and kernel at this stage. This explains the high correlation between WS phenolic content and pellicle removal time in this study.
WS phenolic content was low in 'Porotan' and was comparable to Chinese chestnut cultivars. Low WS phenolic content in 'Poratan' was closely associated with the ease of pellicle removal, as it was in Chinese chestnut cultivars. On the other hand, previous studies suggest that the measurement of AS phenolic content is proportional to the total and WS phenolic contents Kotobuki, 1992a, 1998b; Tanaka et al., 1981) . In this study, as suggested by the previous studies, AS phenolic content in five cultivars excluding 'Porotan' was proportional to total and WS phenolic contents, that is, high for Japanese chestnut cultivars and low for Chinese chestnut cultivars; however, WS phenolic content was low for 'Porotan' in spite of the high contents of both total and AS. This result suggests that phenolic compounds in 'Porotan' do not move easily from inside pellicle tissue to the inner surface, which likely explains why the pellicle can be removed easily despite the high total phenolic content.
As mentioned above, flavonoids in the chestnut pellicle were mainly composed of (+)-catechin and its polymer (Tanaka and Kotobuki, 1998b) . In this study, the proportions of flavonoids to phenols in both WS and AS extracts in 'Porotan' were not low compared to other Hara et al. (1995) , and/or the molecular size of phenolics in the vacuole of pellicle cells may control this mechanism. AIS phenolic contents were not high, ranging from 20 to 44% of the total phenolic contents. Moreover, AIS phenolic content was negatively correlated with the pellicle removal time, probably because of the high AIS content in Chinese chestnut cultivars. According to Kotobuki (1992a, 1998b) , AS phenolics change to WS phenolics after the nuts fall, and then WS phenolics rapidly change to AIS phenolics. Complete adhesion between the pellicle and kernel is induced by the change to AIS phenolics, that is, polymerization; therefore, the small proportion of AIS phenolic content and the negative correlation between the pellicle removal time and AIS phenolic content in this study suggest that the contribution of AIS phenolics to adhesion is likely to be small in the immature nut stage, as indicated by Kotobuki (1992a, 1998b) .
In conclusion, the ease of pellicle removal in 'Porotan' was explained by the low phenolic content on the inner surface of the pellicle; however, the accumulation of phenolic compounds in pellicle tissue of 'Porotan' was high, comparable to those of other Japanese chestnut cultivars. Because the reason for the imbalance in the accumulation of phenolic compounds between pellicle tissue and the inner surface of the pellicle in 'Porotan' is not clear, further studies such as analyses of the physical and/or chemical properties of the pellicle, and determination of the molecular size of phenolics will be required. The cultivation of Chinese chestnut in Japan was initiated in the late 19th century (Kotobuki, 1994) . In spite of great efforts, commercial cultivation did not succeed because of the difficulty of pellicle removal when Chinese chestnut was pollinated with Japanese chestnut (Osaki and Sasou, 1942) . The ease of pellicle removal in 'Porotan', on the other hand, did not fluctuate depending on the pollinizer (Takada et al., 2009) . Further studies are also needed to determine the relationship between the pollinizer and the phenolics accumulation pattern in the 'Porotan' pellicle.
